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Introduction 

Ilie  Wood-Witt  Program  is  a  shorthand  title  given  to  a  group  of  coordinatai  eflforts  designs!  to  identify  and 
eliminate  undesirable  defects  and  impurities  in  GaN.  It  was  begun  by  Colin  Wood  (ONR)  and  Jerry  Witt 
(AFOSR)  in  October  of  1999,  and  the  original  goal  was  to  reduce  donor  Nd  and  acceptor  Na  concentrations 
in  state-of-the-art  GaN  by  a  factor  ten,  from  the  low-lO’^  to  the  low-lO'®  cm'^  level.  A  few  groups  were 
directly  funded  to  work  on  this  task,  but  many  others  also  choose  to  participate  because  of  the  chance  to 
compare  results  on  well  characterizol  samples.  Presently,  in  Septmiber  of  2002,  some  37  people,  from  7 
different  countries,  have  either  supplied  material  or  made  measurements,  and  die  total  number  of  participants 
is  at  least  79,  as  listed  in  Appendix  I.  The  first  samples  investigated  were  mainly  hydride  vapor  phase 
epitaxial  (HVPE)  GaN  layers  grown  on  AI2O3  by  Richard  Molnar  of  Lincoln  Laboratoiy/MIT.  These  layers 
had  thicknesses  of  up  to  70  pm,  and  world-record  300-K  mobilities,  at  the  time,  of  >  950  cm^W-s  in  the 
thickest  samples.  Within  a  two-year  period,  this  material  was  thoroughly  characterized  by  many  different 
groups,  and  quite  well  understood.  For  example,  it  was  shown  that  the  donor  and  ^eptor  concentrations  in 
tile  thick  samples  were  Nd  s  1  x  10*’  cm’^  and  Na  s  3  x  10**  cm'^  [1].  However,  it  was  found  that  the 
GaN/Al203  interface  regions  had  much  hi^er  concentrations,  with  Nd  =  1  x  10^*  cm'^  and  Na  =  5  x  10*^ 
cm'^  [1-3].  It  was  further  shown  that  the  donors  in  the  bulk  region  were  mostly  Si,  and  in  the  interface 
region,  O,  and  that  the  dominant  acceptor  was  the  Ga  vacancy  (Vc3a)>  everywhere  [3].  Measurements  on 
about  100  diffoent  HVPE  layers,  obtained  from  many  independent  sources,  revealed  a  hi^y  conductive 
(degenerate)  interface  layer  in  every  single  case,  and  the  cause  was  a  diffusion  of  the  shallow  donor  O  from 
the  AI2O3  into  the  GaN.  This  O  diffusion  is  concentrated  in  a  region  of  about  2000  A  in  the  Molnar  case,  and 
tiiis  same  region  has  a  high  daisity  of  threading  dislocations;  tiius,  the  O  may  move  into  the  GaN  by  pipe 
diffusion  along  the  dislocatiora.  This  phenomenon  should  be  studied  further  in  the  next  phase  of  the  W-W 
program,  and  micro-SMS  measurements  should  help  solve  this  problem.  In  any  case,  the  existence  of  a  thin, 
highly  conductive  interface  layer  has  a  strong  effect  on  electrical  and  optical  properties,  and  must  be 
consider^  in  the  data  analysis  [2]. 

In  2001,  HVPE  GaN  material  from  the  Samsung  Advanced  hatitute  of  Technology  (SAIT)  became 
available  for  tiie  W-W  program  when  AFOSR,  in  conjunction  with  their  Tokyo  arm,  AOARD,  was  able  to 
strike  a  deal  with  SATT.  The  Samsung  GaN  wafes  had  first  been  grown  on  AI2O3,  to  a  thickness  of  about 
500  pm,  then  separated  from  their  AI2O3  substrates,  and  finally  ground,  etched  and  polished  to  a  thickness  of 
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about  200  |un  [4].  Since  the  GaN  was  separated  fiom  die  AI2O3,  expaiments  could  be  conducted  on  both 
the  Ga  and  N  faces.  The  material  was  excellent,  in  fact  meeting  the  original  goals  of  the  W-W  program.  So 
fer,  the  lowest  donor  (shallow)  and  acceptor  concentrations  measured  are;  No  =  7  x  10*^  cm'^,  and  Na  =  1.3 
X  10'^  cm  ^  [5].  The  hipest  300-K  mobihty  is  1320  cm^A/^ -s,  and  the  hi^^t  peak  mobility  is  close  to  12000 
cm^A^-s.  Donor-bound  exciton  photoluminescence  ^L)  linewidths  are  less  than  0.5  meV  [6],  and  both  O 
and  Si  donors  have  been  identified  by  PL.  In  contrast  to  the  Molnar  GaN,  file  dominant  donor  in  the  bulk 
seems  to  be  O,  not  Si,  but  the  dominant  acceptor  is  still  the  Ga  vacancy.  Partly  ba;ause  of  the  low  jfree- 
carrier  concentrations,  Schottky  barriers  are  excellent,  having  barrier  heights  of  1.27  eV  on  the  Ga  face,  and 
0.75  eV  on  the  N  face  [7].  Furthermore,  die  Samsung  GaN  is  very  useful  for  electron-irradiation 
experiments,  because  of  die  small  background  concentrations  of  donors,  acceptors  and  traps.  It  also  has  a 
small  threoiing  dislocation  demity,  <1x10*^  cm'^,  at  the  top  (Ga)  face.  This  means  that  the  average  distance 
between  dislocations  is  about  10  pm,  that  it  should  be  po^ible  to  study  the  Cottrell  atmosphere  of 
impurities  and  defecte  surrounding  ^h  dislocation.  The  micro-SIMS  capability  at  Ohio  State  University 
(Prof  Brilkon)  should  be  very  usefid  in  this  investigation.  Overall,  many  experiments  have  been  performed 
on  the  relatively  small  amount  of  material  received  fiom  Samsung,  and  35%  of  the  publications  listed  in 
Appendix  n  are  related  to  these  studies.  It  is  likely  that  Samsung  GaN  wafers  will  have  a  significant  impact 
on  the  quest  to  develop  a  GaN  substrate  for  homoepitaxy,  and  it  is  noteworthy  that  the  most  detailed 
characterization  studio  on  these  wafers  have  come  out  of  the  W-W  program. 

Electron  irradiation  for  defect  studio 

To  create  point  defeats,  in  our  laboratory,  we  use  high-energy  (0.7-2.0  MeV)  ela:trons  from  a  van  de  Graafif 
accelerator.  Also,  lower  energy  electrons  (0.3  -  1.0  MeV)  are  available  fixim  a  similar  but  smaller  machine 
at  Hanscom  AFB.  Most  of  the  oiergy  loss  in  high-energy  electron  bombardment  occurs  fiom  electron- 
electron,  rather  than  electron-nucleus,  collisions.  Such  e-e  collisioiK  limit  the  electron  range  in  GaN  to 
about  0.7  mm  for  1-MeV  electrons,  for  example.  For  epitaxial  layers,  of  thickness  100  pm  or  less,  the 
electrons  lose  very  little  energy  in  traversing  the  sample.  If  a  relativistic  electron  of  energy  E  makes  a  direct 
hit  on  a  nucleus,  it  will  transfer  a  maximum  energy  Em  given  by 

^  2E(E  +  2m,c")  2.147x10-®  E(E  +  1.022x10®) 

g  —  - -  ^ - - - 

"*  Me'  A 


(1) 


where  nie  and  M  are  the  elKitron  and  ion  masses,  respectively,  A  is  the  atomic  wei^t,  and  the  energies  are  in 
eV.  The  threshold  energy  Eth  noiessary  to  produce  an  atomic  displacement  is  thai  just  given  by  the  condition 
Em  =  Ed,  where  Ed  is  the  displacement  energy,  hi  GaN,  Van  Vechten  [8]  has  estimated  Ed  values  of  32.5  and 
24.3  for  N  and  Ga  displacanents,  respectively,  and  it  can  be  ^own  from  Eq.  1  that  th^e  values  le^  to 
tiirrahold  energies  E  =  0. 1 8  and  0.5 1  MeV,  for  production  of  Vn-Ni  and  Voa-Gai  Frenkel  pairs,  respectively. 

Temperature-dependent  HaU-effect  (T-Hall) 

T-Hall  measurements  constitute  die  standard  method  of  determining  donor  No  and  acceptor  Na 
concentrations  in  semiconductor  materials  [9].  Ideally,  the  temperature  dependences  of  both  the  Hall 
mobility  pn  and  the  carrier  concentration  n  (assumed  n-^e)  are  fitted  to  determine  No,  Na,  and  Ed,  the 
donor  activation  energy.  The  mobility,  for  elastic  scattering  processes,  can  be  calculate  from  pn  = 
e(i^)/m*(T>,  where  <V'>  denotes  an  average  of  the  nth  power  of  the  relaxation  time  t(E)  over  ela^trDn  energy 
E.  The  relaxation  rate  V'CE)  has  contributions  from  various  scattering  mechanisms: 


X ‘(E)  =  Xac'‘(E)  +  Tpe'‘(E  )  +  Xpo'^CE  )  +  )  +  Xdis'‘(E  )  (2) 

in  which  ax>ustical-mode  lattice  vibrations  scatter  eloitrons  through  the  deformation  potential  (xac)  and 
piezoelectric  potential  (xpg);  optical-mode  vibrations  through  the  polar  potential  (xpo);  ionized  impurities  and 
defects  throu^  the  screened  coulomb  potential  (xa);  and  charged  dislocations,  also  throu^  the  coulomb 
potential  (xdis).  The  strengths  of  these  various  scattering  mechanisms  depend  upon  certain  lattice  parameters, 
such  as  dielectric  constants  and  deformation  potentials,  and  extrinsic  factors,  such  as  donor,  acceptor,  and 
dislocation  concentrations,  Nd,  Na,  and  Ndis,  respectively.  For  thick,  HVPE  GaN  layers,  Ndk  is  usually  not 
important,  and  the  only  fitting  parameter  is  Na,  since  the  ionized  defect/impurity  density  is  given  by  Nf=  2Na 
+  n  «  2Na  +  Uh,  where  riu  is  measured  in  the  experiment.  In  reality,  since  polar-optical  scattering  is  not 
elastic,  we  often  use  a  more  accurate  fitting  scheme  for  pn  vs.  T  [9]. 

To  determine  Nd  and  Ed  we  must  solve  the  charge-balance  equation  (CBE): 


n  +  N^=- 


N. 


l  +  n/(|,„ 

where  (1)D  =  (gb/gi)Nc'exp(aD/k)T^^exp(-EDo/kT).  Here,  go/gi  is  a  degeneracy  factor  (=  54  for  an  s-state),  Nc 
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=  2(27nnn*k)  /h  ,  where  h  is  Planck’s  constant,  Ed  is  the  donor  energy,  k  is  Boltzmann’s  constant,  and  Edo 
and  ttD  are  defined  by  Ed  =  EDo-aoT.  If  more  than  one  donor  ©cists  within  a  few  kT  of  the  Fermi  enagy, 
then  equivalent  terms,  involving  Nd2,  Nd3,  etc.,  are  added  on  file  right-hand  side  of  Eq.  3. 

Recently  we  have  applied  the  above  analyse  to  pn  vs.  T  (Fig.  1)  and  uh  vs.  T  (Fig.  2)  data  for  a  very 
pure  fi:ee-standmg  HVPE  GaN  layer  grown  by  Samsung  [10].  The  300-K  and  peak  mobilities  of  this  sample 
were  1245  and  7400  cm^A^-s,  respectively,  and  die  fitted  donor  and  accqrtor  cxrncentrations  wae  6.7  x  10*^ 
and  1.7  X  10*^  cm‘^,  respectively.  Intaestingly,  this  value  of  Na  is  very  close  to  the  Voa  concentration 
measured  by  PAS  in  similar  material  [11].  Ih  fact,  Voa  is  often  the  dominant  acceptor  in  undoped  HVPE 
GaN,  over  a  wide  range  of  ^eptor  concentrations  [3].  After  1-MeV  electron  irradiation,  both  Nd  and  Na 
increase,  each  by  about  1  cm'^  for  each  bombarding  electron  per  cm^,  giving  a  production  rate  of  d^out  1  cm' 

*  [1].  From  various  considerations,  it  has  been  argued  that  the  donor  is  likely  an  N  v^ancy  Vn,  and  the 
acceptor  an  N  interstitial  Ni  [1].  Also  determined  from  the  experiment  is  the  donor  activation  energy  Ed  « 
0.06  eV.  This  value  is  compatible  with  the  theoretical  conclusion  that  Vn  should  be  a  shallow  donor  [12]. 
Also,  theory  predicts  Ni  to  have  a  deep-acceptor  state  [12],  consistent  with  the  Hall  data.  If  we  are  indeed 
seeing  only  N-sublathce  damage,  then  ttie  absence  of  Ga-sublattice  damage  is  a  mystery. 

Deep  level  transient  spectroscopy  (DLTS) 

DLTS  is  a  technique  enable  of  determining  electron  and  hole  tr^  parameters;  concentration,  activation 
energy,  and  cqjture  cross  section  [9].  M  its  common  form,  a  reverse-biased  Schottlq^  barrier  or  p-n  junction 
is  subjected  to  a  forward-bias  pulse  in  order  to  flood  the  depletion  region  with  electroiK  (or  holes),  and  thus 
temporarily  fill  the  traps  in  that  re^on.  Upon  returning  to  the  original  reverse  bias,  the  temporarily  tr^ed 
electrons  or  holes  will  be  re-emitted,  as  illustrated  in  Fig.  3.  For  expoimenls  involving  a  Schottky  barria:  on 
n-^e  material,  there  will  be  a  capacitance  C  immediately  before  the  pulse,  and  C  -  AC  immediately 
afterwards.  In  first  order,  the  trap  concentration  Nj  is  given  by  Nt  =  -2Nd(AC/C),  where  Nd  is  the  net 
shallow  donor  concentration.  As  time  proceeds  after  the  filling  pulse,  the  capacitance  will  return  to  its 
original  value  C,  usually  in  an  exponential  manner.  In  the  box-car  technique,  this  exponential  is  sampled  at 
two  times,  ti  and  t2,  to  effect  a  “rate  window’’  defined  by  r  =  In(t2/ti)/(t2-ti).  As  temperature  is  swept 
upwards,  tiie  emission  rate  ^  of  a  particular  trap  increases,  according  to  ^  =  CT^exp(-E/kT),  where  C  is  a 
constant  involving  the  c^ture  cross  section,  and  E  is  an  activation  energy,  consisting  of  the  tr^  energy  Ex 
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Fig,  2.  Carrier  concentration  fit  for  Samsung  freestanding  GaN  layer:  nn  is  the  Hall  concentration  and  n  is 
the  true  concentration. 


Actually,  the  simple  formula,  Nt  =  -2No(AC/C),  holds  only  if  Nt/Nq  «  1,  and  if  Ex  is  not  very  large.  We 
expect  these  conditions  to  be  often  violated  in  AIG^.  Fortunately,  we  have  derived  a  goieral  formula, 
contained  in  a  recent  article  on  DLTS  [13]  written  for  the  Encyclopedia  of  Materials:  Science  and 
Technology.  It  can  be  shown  that  a  pr^^ise  form  of  AC/C  is 


AC 

C 


ll/2 


1  + 


nM->) 


1/2 


(4) 
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where 


A  = 


( 2e{Er -Eg^  -kT)'f^ 


(6) 


The  positions  of  Wr  and  %  are  shown  in  Fig.  3.  The  most  important  part  of  Eq.  4  is  a  unique  expression  for  fx, 
that  is  valid  for  both  hi^  trap  concentrations  and  deep  tr^  energies  [14]: 


(7) 


(8) 


The  various  symbols  are  as  follows:  e  is  the  static  dielectric  constant;  «  tiie  Schottky  barrier  height;  Vf 
and  Vr  are  the  forward  and  revise  bias  voltages,  respectively,  Eoo  is  the  flat  conduction  band  energy,  far 
from  the  surface;  Nd”®*  =  Nd  -  Na;  a  =  Nt/Nd;  and  P  =  (Et  -  Ec*  -  kT)/e(<|)B  -  Ec«/e  -  Vr  -  kT/e).  Note  ttiat 
Eq.  4  explicitly  contains  Nd"®*  evaluated  at  Wr,  and  Nt  at  (wr  -  %),  a  fact  that  can  be  important  if  the  layer  is 
inhomogeneous  or  if  a  profile  of  Nt  is  being  generated. 
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Fig.  3.  Effect  of  a  metal  Schottky  barrier  (energy  e<|)B)  on  the  surface  of  GaN.  Filled  circles  denote  states 
occupiwi  by  el^itrons,  and  empty  circle,  unoccupial  As  demonstrated  by  the  arrows,  filled  states  above  the 
Fermi  level  Ep  (set  at  E  =  0)  will  emit  their  electrons  to  the  conduction  band  and  this  phenomenon  results  in 
a  c^acitance  transient.  The  various  symbols  are  defined  in  the  text. 
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Fig.  4.  Plots  of  -AC/C  for  a  freestanding  GaN  sample  as  a  function  of  emission  rate  en.  Five  traps  are 
identified:  Ai,  A,  B,  C,  and  D.  The  conditions  are:  Vr  =  -5.0  V,  Vf  =  0  and  tp  =  1  ms. 


T(K) 

In  GaN,  two  common  defect-related  traps,  designated  here  as  ED  and  AD,  are  n^ly  always  observed, 
no  matter  what  type  of  irradiation  is  used.  For  the  rate  window  set  at  r  =  4  s’*,  traps  ED  and  AD  have  DLTS 
signal  peaks  at  about  100  and  400  K,  respectively.  Oflier  tr^s  have  also  been  seen,  m  outline!  in  Table  1, 
but  virtually  all  workers  have  at  least  seen  ED  and  AD.  Tr^  ED  was  first  reported  by  Fang  et  al.  [15]  to 
have  an  energy  E  of  0.18  eV,  but  later  analysis  by  Polenta  et  al.  [16]  revealed  that  it  consisted  of  two 
overlapping  traps,  e^h  with  a  thermal  energy  component  Et  of  0.06  eV,  and  capture-cross-section 
components  E^  of  0  and  0.05  eV,  respectively.  Indeed,  Goodman  et  al.  [17]  have  recently  found  that  ED 
consists  of  three  components,  but  their  source  of  electrons  (0.25  -  2.5  MeV,  ^Sr)  was  different  from  that 
used  by  Fang,  Polenta,  et  al.  (1-MeV,  van  de  Graaff).  The  combined  production  rate  of  all  of  the  components 
is  about  1  cm’*  [17],  the  same  as  that  detemiin«i  from  fire  T-Hall  analysis  [1],  and  since  the  thermal  enagies 
are  also  the  same  (0.06  eV),  it  is  almost  certain  that  a  common  defect  (probably  Vn)  is  being  observed.  The 
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diffa-ent  DLTS  trap  components  could  pahaps  conespond  to  different  separations  of  the  Frenkel-pair 
components,  Vn  and  Ni  [18].  The  existence  of  several  components  in  ED  also  can  explain  the  slight 
differences  in  overall  peak  position,  0.13  -  0.20  eV,  seen  by  various  workers. 

It  is  important  to  emphasize  that  the  various  components  of  trap  ED  appear  not  only  in  irradiated 
samples,  but  also  in  as-grown,  ion-implanted,  and  contact-metal-deposited  samples.  In  MBE  layers 
[19,20,21],  the  concentration  of  trap  Ei,  one  of  the  components  of  Ed,  increases  with  decrease  of  N  flux 
during  growth,  again  supporting  its  identification  with  Vn.  A  strong  increase  of  the  tr^  Ei  DLTS  signal  with 
puke  length  is  illustrated  in  Fig.  5.  This  shows  that  it  has  a  small  capture  cross  section,  perhaps  due  to  a 
repulsive  barrier,  hicidentally,  tr^  D  also  must  have  a  defect  nature,  because  we  have  recently  shown  that  it 
can  be  created  with  plasma  etching. 

Positron  annihilation  spectroscopy  (PAS) 

Positrons  injected  into  def«:t-fi-ee  GaN  are  annihilated  by  the  core  atomic  electrons  in  a  mean  time  of  160  - 
165  ps.  However,  if  there  are  neptively  charged  vacancies  prraent,  some  of  the  positrons  will  become 
trapp^  at  those  locatiotK,  and  will  have  longer  lifetimes,  because  of  the  rwiuced  electron  density  at 
v^ancies.  In  the  case  of  GaN,  Ga  vacancies  (but  not  N  vacancies)  would  be  expected  to  fill  this  role,  and 
indeed,  PAS  has  been  used  to  identify  and  quantify  Vca-related  defects  [22].  For  example,  it  has  been  shown 
that  2-MeV  electrons  produce  Voa  centers  at  a  rate  of  about  1  cm'*  in  bulk,  semi-insulating  GaN  [1 1], 
Moreover,  comparisons  of  Voa  concentrations  with  acceptor  concentrations  Na  in  a  series  of  undoped,  n- 
type  HVPE  GaN  samples,  with  Na  ranging  from  10*^  to  10*®  cm'^,  show  that  [Voa]  «  Na,  to  within 
experimental  error  [3,1 1].  Thus,  it  appeara  that  Voa,  and  not  any  impurity,  is  fire  dominant  acceptor  in  HVPE 
GaN,  and  probably  in  other  types  of  undoped  GaN,  ako.  hideed,  theory  predicts  that  Voa  centers  should  be 
abundant  in  n-type  GaN[23], 


•  Page  11 


Fig.  5.  DLTS  signal  -2Nd(AC/C)  for  a  MBE  GaN  layer.  Note  the  sfrong  dependence  of  trap  Ei  on  forward- 
bias  pulse  length  The  conditions  are:  Cn  =  10  s*’,  Vr  =  -3.0  V,  and  Vf  =  0.5  V. 


Photoluminesicence  (PL) 

Two,  infoied  PL  bands,  at  rou^y  0.85  and  0.93  eV,  are  produced  by  2.5-MeV  elections  [24-27].  Both 
bands  are  broad,  but  the  former  has  a  shaip  zero-phonon  line  (ZPL)  at  0.88  eV  and  accompanying  phonon 
structure.  Some  workers  have  proposed  tiiat  the  lower-energy  band  with  the  ZPL  is  much  like  the  well- 
known  Op  band  in  GaP,  and,  in  the  GaN  case,  involves  a  transition  between  a  deep  ground  state  of  On  (at  Ec 
—  0.90  eV)  and  an  excited  state  of  On  (at  Ec  —  0.02  eV),  along  with  associated  phonon  side  bands  [27]. 
However,  tiiere  are  several  apparent  problems  with  this  model,  and  another  defect,  an  On-Gui  complex,  may 
be  a  better  candidate  [28]. 

Dislocation  Studies 
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Recently,  threading-edge  dislocations  (TEDs)  have  been  shown  to  be  negatively  charged  in  n-type  GaN, 
behaving  as  a  line  charge  with  a  linear  charge  density  of  about  le  per  c-lattice  distance,  5.185  A  [29].  Thus, 
these  dislocations  are  acceptor-like,  and  theoretical  studies  are  consistent  with  this  picture,  suggesting  that 
the  dislocation  cores  in  n-type  GaN  may  contain  Ga  vacancies  [30,31],  or  Voa-On  complexes,  with  n  =  1  -  3 
[32].  It  mi^t  be  assumed  that  simple  centers  along  the  core  would  have  a  charge  of -3  each,  but  it  turns 

out  that  electron-electron  repulsion  raluces  die  charge  to  about  -1  each,  for  typical  material  with  n  ~  1  x  10*^ 
cm^  [31].  For  HVPE  GaN  on  AlaC^,  the  interface  region  has  a  very  high  TED  daisity,  Ndis  ~  10*®  -  10** 
cm^,  and  an  even  higher  misfit  dislocation  density,  Nmis  >  10*^  cm'^,  as  deduced  by  transmission  el«;tron 
microscopy  (TEM)  measurements  [3].  Also,  firom  secondary-ion  mass  spectroscopy  (SMS)  measurements, 
[O]  >  10*®  cm^  in  this  region;  firom  PAS,  [Voa]  >  10*®  cm'^;  and  fi'om  Hall-efifect  and  electrochemical  C-V 
(ECV)  measurements,  n  >  10*®  cm‘^  [3].  The  picture  that  emerge  here  is  that  the  donors  are  O,  and  the 
acceptors  are  V(^,  but  the  Voa  in  tiiis  case  are  probably  associated  witii  the  dislocations,  either  as  isolated 
centere  along  the  core,  or  as  Voa-O  complexes.  Mterestingly,  O  is  the  dominant  donor  only  in  the  interface 
region,  since  SMS  and  T-Hall  data  show  that  Si  takes  over  in  the  bulk  region.  However,  PAS  and  T-Hall 
measurements  show  that  Voa  is  the  dominant  acceptor  everywhere,  both  in  the  interface  and  bulk  regioiK 
[3]. 


•  Page  13 


References 

[1]  D.C.  Look  et  al,  Phys.  Rev.  Lett.  79, 2273  (1997). 

[2]  D.C.  Look  and  R.  J.  Molnar,  Appl.  Phys.  Lett.  70, 3377  (1997). 

[3]  D.C.  Look  et  al.  Solid  State  Commun.  117, 571  (2001). 

[4]  E.  Oh  et  al,  Appl.  Phys.  I^tt.  78, 273  (2001). 

[5]  D.C.  Look  et  al,  impublished. 

[6]  D.C.  Reynolds  et  al,  Appl.  Phys.  Lett.  77, 2879  (2000). 

[7]  Z-Q.  Fang  et  al,  Appl.  Phys.  Lett.  78, 2178  (2001). 

[8]  JA.  Van  Vechten,  Handbook  on  Semiconductors,  vol.  3,  (North  Holland,  Anuiterdam,  1980)  ch.  1. 

[9]  D.C.  Ix)ok,  Electrical  Characterization  of  GoAs  Materials  and  Devices  (Wiley,  New  York  1989). 

[10]  D.C.  Look  and  J.R.  Sizelove,  Appl.  Phys.  Lett.  79, 1133  (2001). 

[11]  K.  Saarinen,  private  communication. 

[12]  P.  BoguslawsW  et  al,  Phys.  Rev.  B  51, 17255  (1995). 

[13]  D.C.  Look  and  Z-Q.  Fang,  ‘Deep  I^vel  Tramient  Spwtroscopy”,  in  The  Encyclopedia  of  Materials: 
Science  and  Technology,  ed.  by  S.  Mahajan  (Elsevier,  Oxford)  in  press. 

[14]  D.C.  Look  and  J.R.  Sizelove,  J,  Appl.  Phys.  78, 2848  (1995). 

[15]  Z-Q,  Fang  et  al,  Appl.  Phys.  Lett.  72, 448  (1998). 

[16]  L.  Polenta  et  al,  Appl.  Phys.  I^tt.  76, 2086  (2000), 

[17]  S.A.  Goodman  et  al,  Appl.  Ph>^.  Lett.  78, 3815  (2001). 

[18]  D.C.  Look  et  al,  Phys.  Rev.  Lett.  82, 2552  (1999). 

[19]  Z-Q.  Fang  et  al,  in:  Proc.  2000  hit.  Semiconducting  and  Insulating  Mater.  Conf.,  IEEE,  Piscataway, 
2000  (p.  35). 

[20]  Z-Q.  Fang  et  al,  Appl.  Phys.  Lett.  72, 2277  (1998). 

[21]  D.C.  Look  et  al,  MRS  Internet  J.  Nitride  Semicond.  Res.  5S1,  W10.5  (2000). 

[22]  K.  Saarinen  et  al,  Appl.  Phys.  Lett.  75, 2441  (1999). 

[23]  C.  Stampfl  and  C.G.  Van  de  Walk,  Phys.  Rev.  B  65, 155212  (2002). 

[24]  M.  Linde  et  al,  Phys.  Rev.  B  55,  R10177  (1997). 

[25]  LA.  Buyanova  et  al,  .^pl.  Phj^.  Lett.  73, 2968  (1998). 

[26]  W.M.  Chen  et  al,  Phys.  Rev.  B  58,  R13351  (1998). 


•  Page  14 


[27]  K.H.  Chow  et  al,  Phys.  Rev.  Lett.  85, 2761  (2000). 

[28]  C.J.  Fall  et  al,  Mater.  Sci.  and  Eng.  B  82, 88  (2001). 

[29]  D.C.  Look  and  J.R.  Sizelove,  Phys.  Rev.  Lett.  82, 1237  (1999). 

[30]  A.F.  Wright  andU.  Grossner,  Appl.  Ph}®.  I^tt.  73, 2751  (1998). 

[31]  K.  Leung  et  al,  Appl,  Ph^.  Lett.  74, 2495  (1999). 

[32]  J.  Eisner  et  al,  Phys.  Rev.  B  58, 12571  (1998). 


•  Page  15 


Appendix  I.  Participants  in  Wood-Witt  Program  (as  of  Sept,  2002) 


Name 

Institution 

E-mail  address 

Specialty 

F.  Danie  Airet 

University  of  Pretoria,  South  Africa 

fauret@postino.up.ac.^ 

DLTS 

Michael  /Mexander 

AFRL,  Hanscxjm  AFB,  MA 

michael.alexander@hanscom.af.mil 

Growth,Char. 

David  Bliss 

AFRL/SNHX,  Hanscom  AFB,  MA 

bliss@plh.af.mll 

Growth 

Lionel  Bouthillette 

AFRL/SNHC,  Hanscom  AFB,  MA 

lionel.bouttiillette@hanscom  .af.mil 

PL 

Len  Brillson 

Ohio  State  Univereity 

brillson.1@osu.edu 

Micro-CL 

Jeff  Brown 

AFRL/MLPS,  WPAFB,  OH 

jeff.brown@vipafb.af.mil 

AFM 

Mike  Callahan 

AFRUSNHX,  Hanscom  AFB,  MA 

michael.callahan@hanscom.af.mil 

Growth 

Bill  Carlos 

Naval  Research  Laboratory 

cat1os@bloch.nrl.navy.mil 

EPR 

Anna  Cavallini 

University  of  Bologna,  Italy 

anna.cavallini@bo.infri.it 

PC,DLTS,EBIC 

Leonid  Chem^k 

University  of  Cental  Florida 

chemyak@physics.ucf.edu 

EBIC 

Vladimir  Dmitriev 

TDI,  Inc. 

vladimir@tdii.com 

Growth 

Russell  Dupuis 

University  of  Texas 

dupuis@mail.utexas.edu 

Growth,Char. 

Zhaoqiang  Fang 

Wright  State  University 

zhaoqiang.fang@wtight.edu 

DLTS 

Gaiy  Fartow 

Wright  State  University 

gary.larlow@wrlght.edu 

In'adiation 

Randy  Feenstra 

Camegie-Mellon  University 

feensba+@andrew.aTiu.edu 

Growth, Char. 

Doru  Florescu 

Brooklyn  College  of  CUNY 

dfloresc@its.brooklyn.cuny.edu 

TTier.Cond. 

Jaime  Freitas 

Naval  Research  Uiboratory 

jaime.freites@nrl.navy.mil 

PL 

Evan  Glaser 

Naval  Researdi  Laboratory 

gIaser@bloch.nrl.navy.mil 

ODMR 

Robert  Grober 

Yale 

robert.grober@yale.edu 

PL  (profiling) 

Shiping  Guo 

EMCORE  Corp. 

shipingjguo@emcore.com 

Growth  (?) 

Karl  Harris 

Electro-optics  Center,  Pittsburgh 

khanis@psu.edu 

PL  mapping 

Ben  Heying 

UC  Santa  Barbara 

benh@mt1.ucsb.edu 

Growth 

John  Hoelscher 

Wright  State  University 

john.hoelscher@wpafb.af.mil 

Hall 

Julia  Hsu 

Lucent  Technologies 

jhsu@physics.lucent.com 

SCM,  etc. 

Thomas  Jenkins 

AFRL/SNDM,  WPAFB,  OH 

thomas.jenkins@wpafb.af.mil 

Noise 

Dan  Johnstone 

AFOSR 

dan.johnstone@afosr.af.mil 

Prog.  Mgt. 

Rex  Jones 

AFRL/MLPS,  WPAFB,  OH 

rex.jones@\Apafb.af.mil 

PL 

Thomas  Kazior 

Raytheon  Commercial  Electronics 

tkazior@rrfc.raytheon,(X)m 

Devices 

Chae-Deok  Lee 

Camegie-Mellon  University 

cdlee@andrew.cmu.edu 

Growth  (?) 

Z.  Liliental-Weber 

Lawrence  Berkeley  National  Lab. 

zjlliental-weber@lbl.^v 

TEM 

Sukit  Limpljumnong 

Xerox  PARC 

dim@parc.xerox.(X)m 

Theory 

Cole  Litton 

AFRL/MLPA,  WPAFB,  OH 

cole.litton@vpafb.af.mil 

Prog.  Mgt. 

David  Look 

Wright  State  University 

david.look@wpafb.af.mil 

Hall 

Edgar  Martinez 

DARPA 

emartlnez@darpa.mil 

Prog.  Mgt. 

J.W.  McCamy 

Coming  Inc. 

m(x:am>iw@coming.com 

XRD,EB1C  (?) 

Floyd  McDaniel 

University  of  Norfri  Texas 

fdmcdan@sandia.gov 

SIMS 
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Bill  Mitdiel 

AFRL/MLPS,  WPAFB,  OH 

william.mitchel@wpafb.af.mil 

Hall 

Rich  Molnar 

MIT  Lincoln  Laboratory 

rmolnar@ll.mit.edu 

Growth 

Hadis  Morkoc 

Virginia  Commonwealth  Univ. 

hmorkoc@vcu.edu 

Growth, Char. 

Tom  Myers 

West  Virginia  University 

tmyers@wvu.edu 

Growth, PC 

Ken  Nakano 

AFRL/SNDD,  WPAFB,  OH 

kenlchi.nakano@wpafb.af.mil 

Devices 

John  Northrop 

Xerox  PARC 

nortiirup@parc.xerox.com 

Theory 

Steve  Novak 

Evans  East,  Inc. 

snovak@evanseast.com 

SIMS 

Andrei  Osinsky 

Coming  Inc. 

ossinskiav@coming.com 

XRD.EBIC 

Jon  Pelz 

Ohio  State  University 

pelz.2@osu.edu 

BEEM 

Eddie  Finer 

Nifronex 

edwin_piner@nitronex.com 

Growth 

Laura  Polenta 

University  of  Bologna,  Italy 

laura.poIenta@bo.infm.lt 

DLTS 

Fred  Poliak 

Brookl^  College  of  CUNY 

flipbc@cunyvm  .cuny.edu 

Ther.Cond. 

AlexanderPol^kov 

Inst.  Of  Rare  Metals,  Moscow 

pol^kov@girmet.ru 

Optical  DLTS 

Fernando  Ponce 

Arizona  State  University 

ponce@asu.edu 

Micro-CL 

MichaelReshchikov 

Virginia  Commonwealth  Univ. 

mreshchi@satum.vcu.edu 

PL 

Steve  Ringel 

Ohio  State  University 

ringel@ee.eng.ohio-state.edu 

DLTS 

Lawrence  Robins 

NIST 

lavwence.robins@nist.gov 

Micro-xray,  etc. 

Kimmo  Saarinen 

Helsinki  Univ.  of  Tech.,  Finland 

ksa@^lab.hut.fi 

Pos.  Mnih. 

Norman  Sanford 

NIST 

sanford@boulder.nist.gov 

Micro-xray,  etc. 

Brian  Skromme 

Arizona  State  University 

skromme@asu.edu 

PL 

Kurt  Smith 

Raytheon  Commercial  Elecfronics 

kurt_v_smith@rrfc.rayttieon.com 

Devices 

Jim  Speck 

UC  Santa  Barbara 

speck@mrl.u<^b.edu 

Growtti.TEM 

Ed  Stutz 

AFRIJWLPS,  WPAFB,  OH 

char1es.stut2@v\q3aft3.af.mil 

ECV 

Xiaoling  Sun 

Ohio  State  University 

sun.131@osu.edu 

CL 

Changmo  Sung 

Univ.  of  Massadiusetts,  Lowell 

changmo_sung@uml.edu 

TEM,  AFM 

Mahendra  Sunkara 

University  of  Louisville 

mahendra@louisville.edu 

Growth 

Vladimir  Tassev 

AFRL/SNHC,  Hansojm  AFB,  MA 

vladimir.tassev@hanscom.af.mil 

Growth  (?) 

Mike  TInston 

CSCI 

mtinston@csci-va.com 

webpage 

Abbas  Torabi 

Raytheon  RFC 

abbas_torabi@raytheon  .com 

XRD 

PatTreado 

Chemicon 

treado@diemimage.com 

PL,Raman  map 

Chris  Van  de  Walle 

Xerox-PARC 

vandewalle@parc.xerox.com 

Theory 

G.  David  Via 

AFRUSND,  WPAFB,  OH 

glen.vla@wpafb.af.mil 

FBIC  (?) 

Eicke  Weber 

UC  Berkeley 

weber@socrates.berkeley.edu 

EPR 

Bruce  Wessels 

Northwestern  University 

b-wessels@northwestem.edu 

Growth,Char. 

David  Weybume 

AFRL/SNHX,  Hanscom  AFB,  MA 

weybumed@plh.af.mil 

Growth 

Jan  Weyher 

High  Pressure  Res.  Ctr.,  Warsaw 

weyher@unipress.waw.pl 

TEM,Etching 

Gerald  Witt 

AFOSR 

gerald.witl@afosr.af.mil 

Prog.  Mgt. 

Colin  Wood 

ONR 

woodc@onr.navy.mil 

Prog.  Mgt. 

Emily  Qing  Yang 

UC  Berkeley 

qingy®ng@udink4.berkel^.edu 

TRPL 

Jinwei  Yang 

University  of  Scxjti  Carolina 

yang@engr.sc.edu 

Growth 
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Ed  Yu 
Phil  Yu 
John  Zolper 
Maty  Ellen  Zvanut 


UC  San  Diego 

Kwangju  Inst.  Sci.  &  Tech.,  Korea 
ONR 

Univ.  of /Mabama,  Birmingham 


ety@ece.ucsd.edu 

pwyu@kjist.ac.kr 

s)lpeii@onr.navy.mil 

mezvanut@uab.edu 


SCM,  etc. 
T-dep  PL 
Prog.  Mgt. 
EPR 
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Appendix  n.  Wood-Witt  related  publications  (since  August  2000)  involving  WSU  personnel. 


1.  Z-Q.  Fang,  L.  Polenta,  J.W.  Hemsky,  and  D.C.  Look,  “Deep  Centers  in  As-Grown  and  Electron- 
Irradiated  n-GaN”,  in  2000  International  Semiconducting  and  Insulating  Materials  Conference,  ed. 
By  C.  Jagadish  and  NJ.  Welham  (IEEE,  Piscataway,  NJ,  2000)  p.  35.  MarOl 

2.  D.C.  Reynolds,  D.C.  Look,  B.  Jogai,  J.E.  Hoelscher,  R.E.  SherriflF,  and  R.J.  Molnar,  “Stain  Variation 
with  Sample  Thickness  in  GaN  Grown  by  Hydride  Vapor  Phase  Epitaxy”,  J.  Appl.  Phj^.  88,  1460 
(2000).  AugOO 

3.  S.H.  Goss,  A.P.  Young,  L.J.  BriUson,  D.C.  Look,  and  R.J.  Molnar,  “Direct  Observation  of  Bulk  and 
Interface  States  in  GaN  on  Sapphire  Grown  by  Hydride  Vapor  Phase  Epitaxy”  Mater.  Res.  Soc. 
Symp.  Proc.  639,  G3.59.1  (2001).  OctOl  ’ 

4.  D.C.  Ixjok,  C.E,  Stutz,  R.J.  Molnar,  K.  Saarinm,  and  Z.  Liliental-Weber,  “Dislocation-Independent 
Mobility  in  Lattice-Mismatched  Epitaxy:  Application  to  GaN”,  Solid  State  Commun.  117,  571 
(2001).  FebOl 

5.  L.  Chernyak,  A.  Cteinsky,  G.  Nootz,  A.  Schulte,  J.  Jasinski,  M.  Benamara,  Z.  Liliental-Weber,  D.C. 
Look,  and  RJ.  Molnar,  "Electron  Beam  and  Optical  Depth  Profiling  of  Quasi-Bulk  HVPE  GaN", 
Appl.  Phys.  Lett.  77, 2695  (2000).  OctOO 

6.  J.W.P.  Hsu,  D.V.  Lang,  S.  Richter,  R.N.  Kleiman,  A.M.  Sergent,  D.C.  Look,  and  R.J.  Molnar, 
"Impurity  Band  in  the  Interfacial  Region  of  GaN  Filim  Grown  by  HVPE",  J.  Electronic  Mater.  30, 
115  (2001).  MarOl 

7.  D.C.  Reynolds,  D.C.  Look,  B.  Jogai,  A.W.  Saxler,  S.S.  Park,  and  J.W.  Hahn,  “Identification  of  the  Ts 
and  Fe  Free  Excitons  in  GaN”,  Appl.  Ph)«.  I^tt.  77, 2879  (2000).  OctOO 

8.  Z.-Q.  Fang,  D.  C.  Look,  J.  Jasinski,  M.  Benamara,  Z.  liliental-Weber,  and  R.  J.  Molnar,  "Evolution 
of  deep  centers  in  GaN  grown  by  hydride  vapor  phase  epitaxy",  Appl.  Phj^.  Lett.  78,  332  (2001). 
JanOl 

9.  A.  Saxler,  D.  C.  Look,  S.  Elhamri,  J.  Sizelove,  W.  C.  Mitchel,  C.  M.  Sung, 

S.  S.  Pffl-k,  and  K.  Y.  Lee,  “High  mobility  in  n-type  GaN  substrates”,  Appl.  Phys.  Lett.  78,  1873 
(2001).  MaiOl 

10.  A.  Saxler,  D.  C.  Look,  S.  Elhamri,  J.  Sizelove,  D,  Cull,  W.  C.  Mitchel, 

M.  Callahan,  D.  Bliss,  L.  Bouthillette,  Sheng-Qi  Wang,  C.  M.  Sung,  S.  S. 

Park  ,  and  K.  Y.  Lee,  “High  Electron  Mobility  in  Free-Standing  GaN  Substrates”,  Mater.  Res.  Soc. 
Symp.  Proc.  639,  G7.2.1  (2001).  OctOl 


11.  Z.-Q.  Fang,  D.  C.  Look,  P.  Visconti,  D.-F.  Wang,  C.-Z.  Lu,  F.  Yun,  H.  Morko?,  S.  S.  Park  and  K. 
Y.I^,  "Deep  centers  in  a  fi-ee-standing  GaN  layer",  Appl.  Phys.  Lett.  78, 2178  (2001).  AprOl 
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12.  D.C.  Look,  J.E.  Hoelscher,  J.L,  Brown,  and  G.D.  Via,  “Electrical  Profiles  in  GaN/AlaOs  Layere  with 
Conductive  Interface  Regions”,  MRS  Intemet  J.  Nitride  Semicond.  Res.  6, 10  (2001).  MayOl 

13.  S.H.  Goss,  X.L.  Sun,  A.P.  Young,  L.J.  Biillson,  D.C.  Look,  and  R.J.  Molnar, 
“Microcathodoluminescence  of  Impurity  Doping  at  GaN/sapphire  Interfaces”,  Appl.  Phvs.  Lett.  78 
3630  (2001).  JuneOl 
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